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A B S T R A C T   

This paper presents an efficient dual-resonance biomedical inductive link for frequency-shift keying (FSK) 
modulation. In this link, the combination of PCB coil as the main coil and the solenoid as the compact inductance 
creates a dual-resonance coil. 3.22 mm of winding diameter in solenoid makes the link suitable for biomedical 
implants. Using the dual-resonance link, an efficient FSK-modulated power and data transmitter is proposed for 
biomedical implants to transmit power and data simultaneously with the same carriers and a single inductive 
link. So, there is no concern about the interference between power and data carriers. Also, the presence of two 
resonance frequencies at the secondary side of the link significantly improves the efficiency. With a 6 mm air gap 
and 2.5 Mbps data rate (DR), the measured power delivered to load (PDL) and power transmission efficiency 
(PTE) are 57.4 mW and 48.4%, respectively. Also, with a 6 mm interface of beef ribs + medical-grade silicone, 
the measured PDL and PTE are 48.2 mW and 38.8%, respectively. The measured bit error rate (BER) for 2.5 Mbps 
data rate is less than 10-5.   

1. Introduction 

Nowadays, wireless power transmission (WPT) is essential for a 
continuous and safe operation of implantable medical devices (IMDs), 
and inductive coupling is the oldest and predominant WPT strategy that 
can provide the required power with high reliability, safety, and effi
ciency [1–6]. Power transmission efficiency (PTE) is an important 
parameter in evaluation of inductively coupled systems. By increasing 
PTE, the external battery life-time is increased and the maximum 
allowable amount of AC magnetic field passing through tissue is 
observed. An essential solution in increasing PTE is to use LC resonance 
structures with a resonance frequency equal to the driver frequency. At 
this frequency, the impedance of the LC tanks is pure resistive without 
any reactive term. 

In WPT systems, the simultaneous achievement of high efficiency 
continuous power transmission along with a high data rate (DR) is a 
challenging issue. This challenge becomes even more difficult in mod
ulations such as frequency-shift keying (FSK) that require two carriers. 
To alleviate this challenge, the power and data transmission links can be 
separated (separate coupling interfaces), and each of them can be 
designed to meet the desired needs. In these architectures, the amplitude 

of power carrier is much more than that of data carrier, resulting in 
reduced signal-to-noise ratio (SNR) at the data receiver coil [7]. In order 
to minimize the restrictions on design of data filter and prevent possible 
data signal saturation even before entering the filter, a reliable telemetry 
system must eliminate this interference. Various implementations have 
been proposed to reduce these interferences such as coplanar and co
axial [7], orthogonal [8], and figure-eight [9]. However, due to mis
alignments and limited space, the interference and cross-talk will not be 
completely removed. Also, large space of implanted coils is another 
major disadvantage of the multi-link systems. 

These disadvantages encourage designers to transfer power and 
forward data using only one inductive link (one coupling interface). In 
this architecture, the same carrier (or carriers) is utilized to transmit 
data and power, simultaneously. Therefore, there is not any interference 
between the power and data carriers. In [10], an FSK-modulated data 
and power transmitter is proposed where the capacitor of the load 
network as well as the capacitor parallel to the switch of power amplifier 
(PA) are switched according to input “0” and “1” data. This is done to 
keep the PA tuned at both carrier frequencies of FSK modulation. This 
mechanism has been used just in transmitter side and it cannot be used 
at the secondary side because the receiver is not informed of input data 
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before its reception. Thus, the secondary side of the link has only one 
resonance frequency, and the PTE is only equal to 25%. In [11], using 
the combination of series and parallel LC tanks in primary side of the 
link, two resonance frequencies are obtained, but the secondary side has 
only one resonance frequency and the PTE is as low as 24%. Also, in 
[11], no attempt has been made for optimal operation of the PA at both 
carrier frequencies of FSK modulation. In summary, the presence of only 
one resonance frequency at the secondary side of FSK-modulated 
transmitter links in [10] and [11] has reduced the PTE. 

The dual-resonance coil is an attractive method to create dual- 
resonance links. However, the previous works [12,13] have not been 
designed for biomedical implants. For example, in [12], the diameter of 
the coils is 20 cm, which is not suitable for biomedical implants. In [12], 
only the efficiency analysis has been performed, and the ability of a 
dual-resonance link in simultaneous transmission of power and data, 
which is an important issue in biomedical applications, has not been 
investigated. Also, the dual-resonance based power and data transmitter 
in [13] has been designed for high power and very low DR (≤0.02 Mbps) 
requirements. 

In this paper, the focus is mainly on the architecture of biomedical 
inductive link for simultaneous transmission of power and data in FSK 
mode using only one inductive link. In order to mitigate the trade-off 
between the efficiency and bandwidth, a dual-resonance inductive link 
is implemented for cochlear implants. In this link, the PCB circular coils 
make the coupling interface, and the combination of compact solenoids 
(with winding diameter of 3.22 mm and winding length of 9.46 mm) 
with PCB coils results in two resonance frequencies, which is necessary 
for FSK-modulation. Then, using the dual-resonance link, a power and 
data transmitter is implemented for cochlear implants where the drain 
waveforms of class-E PA satisfy the tuned operation at both carrier 
frequencies of FSK-modulation. The performance of transmitter is 
measured in two different intermediate interfaces of air, and beef ribs +
silicone. While achieving DR of 2.5 Mbps and data rate to carrier fre
quency (DRCF) ratio of 33.3%, the PTE of transmitter is improved due to 
the presence of two resonance frequencies at the secondary side of the 
link. 

The rest of paper is organized as follows. Section 2 presents the dual- 
resonance inductive link for biomedical implants, as well as the calcu
lated electrical parameters of PCB coil and solenoid. In Section 3, the 
simulation and measurement results of inductive link are reported. In 
Section 4, FSK-modulated class-E power and data transmitter is pre
sented. Finally, the measurement results of power and data transmitter 
and conclusion are given in Sections 5 and 6, respectively. 

2. Biomedical dual-resonance inductive link 

Fig. 1(a) shows the equivalent circuit of a dual-resonance coil, which 
is made of LC branch and LC tank, and has two resonance frequencies. 
The capacitor CS is connected to the main coil LS to achieve the LC 
branch. LC tank is obtained by parallel combination of capacitor CP and 
compact inductance LP. When the operating frequency is lower than the 
resonance frequency of LC tank, it operates inductively (ZP is inductive), 
and when the operating frequency is higher than its resonance fre
quency, it operates capacitively. The low resonance frequency (fo1) is 
achieved by combination of LC branch and inductive LC tank, and the 
high resonance frequency (fo2) is achieved by the combination of LC 
branch and capacitive LC tank as [12]: 

fo1 = foLC1
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(1)  

where foLC1 is the resonance frequency of LC branch, rL = LS/LP, and rC =

CS/CP in Fig. 1(a). foLC2 is the resonance frequency of LC tank, which is 
equal to ̅̅̅̅̅̅̅̅rcrL

√
× foLC1. Both foLC1 and foLC2 have to be placed between fo1 

and fo2. The resulting bandwidth allows both carriers of FSK modulation 
to pass through the link with a sufficient energy transmission to the load. 

Fig. 1(b) shows the schematic of dual-resonance inductive link with 
dual-resonance coils. L1,2 are PCB coils with coupling coefficient of k, 
and L3,4 are compact solenoids. In Fig. 1(c), in order to obtain the link 
parameters, the coupled coils L1 and L2 are replaced with equivalent T- 
model, where M is the mutual inductance and R1, R2, R3, and R4 are the 
series resistances of L1, L2, L3, and L4, respectively. In Fig. 1(c), by 
assuming L1 = L2 = L, L3 = L4 = L/rL, C1 = C2 = C, C3 = C4 = C/rC, R1 =

R2 = RPCB (PCB coil resistance), R3 = R4 = RSol (solenoid resistance), M 
= k(L1L2)1/2 = kL, and C = 1/(L(2πfoLC1)2) = 1/(L(ωoLC1)2), Iin and IRL 
are given by: 

Iin =
Vsb

ab + (ωM)
2, IRL =

Vs

− jωM + ab/(jωM)
(2)  

where 

a = Rs +RPCB + jωL+
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2

jω +
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2 + j ωRSol
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2

(3) 

The expression for b is similar to a (b = a − RS + RL). At resonance 
frequencies of the link, fo1 and fo2, the imaginary terms in (3) cancel each 
other, and only the real terms will remain as: 

a = Rs +RPCB +
RSol

(1 − ω2

rLrC(ωoLC1)
2)

2
+ ( ωRSol

LrC(ωoLC1)
2)

2 (4) 

With extracted a and b, Iin, IRL, Vin = Vs − Rs Iin, and VRL are calcu
lated. The power delivered to the load (PDL) and the power drawn from 
the sinusoidal input source (Pin) can be calculated as: 

PDL =
RL

(
IRL− pp

)2

8
=

V2
RL− pp

8RL
,

Pin =
Vin− pp × Iin− pp

8
cos(φ − θ)

(5)  

where (φ-θ) is the phase shift between Vin and Iin. Also, IRL-pp, VRL-pp, Iin- 

pp, and Vin-pp are the peak-to-peak values of IRL, VRL, Iin, and Vin, 
respectively. As mentioned before, foLC1 and foLC2 have to be placed 
between fo1 and fo2. Assuming fo1 = 5 MHz and fo2 = 10 MHz as the 
resonance frequencies of inductive link, geometric averages of fo1 and fo2 
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Fig. 1. (a) Dual-resonance coil, (b) dual-resonance inductive link, (c) T-model 
of inductive link. 
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has been used as foLC1 and foLC2 (
̅̅̅̅̅̅̅̅̅̅̅
fo1fo2

√
= 7.071MHz). According to 

these values and relation (1), values of 2 and 0.5 are obtained for rL and 
rC, respectively. Considering these achieved values, PCB coils and 
compact solenoids are used as the main coils L1,2, and compact in
ductances L3,4, respectively. 

2.1. Electrical parameters 

In this section, electrical parameters of the PCB coils and solenoids 
are calculated. Fig. 2 shows the geometric parameters of PCB coils L1,2, 
and solenoids L3,4. In PCB coils, the parameters Dout, Din, W, S, and n are 
outer diameter, inner diameter, trace width, trace spacing, and number 
of turns, respectively. The thickness of the conductor layer in PCB is 
considered to be 35 µm. In solenoids, D, d, p, l, and n represent the 
winding diameter, wire diameter, winding pitch, winding length, and 
number of turns, respectively. D = 3.22 mm and l = 9.46 mm, make the 
solenoid suitable for implantation in body. 

The electrical model of the coils includes inductance, AC series 
resistance, and parallel capacitance. For the PCB circular coils, the 
inductance can be determined by [14]: 

L =
μ0n2davg

2
[
ln(2.46/β) + 0.2β2 ] (6)  

where µ0 = 4π × 10-7 H/m is the permeability of free space, davg = 0.5 
(Dout + Din) is the average diameter, and β = (Dout-Din)/(Dout + Din) is the 
fill-factor. Using (6), 3.1 µH is obtained for PCB coils L1,2 with reported 
parameters in Fig. 2. 

The inductance of solenoids is given by [15]: 

L =
μ0πr2n2κ

l
(7) 

Where k is the Nagaoka’s coefficient [15], and r = Deff /2. Deff is the 
effective winding diameter [16], which can be interpolated from 
empirical Medhurst data table [17]. The result for solenoids L3,4 with 
reported parameters in Fig. 2 is 1.65 µH. 

The skin effect is the main source of AC resistance which is caused by 
high frequency currents. For PCB coils, the skin effect loss, Rskin, is given 
by [14]: 

Rskin = RDC
tc

δ(1 − exp( − tc/δ) )
1

1 + tc/W
,

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ρ/ωμ0

√ (8)  

where tc is the conductor thickness (35 µm), δ is the skin depth, ρ = 1.72 
× 10-8 Ω.m is the resistivity of copper, and RDC = ρlC/A is the DC 
resistance. lC = n π davg is the conductor length. Rskin for PCB coils L1,2 at 
5 MHz and 10 MHz is 1.72 Ω and 2.08 Ω, respectively. 

For solenoids, the AC resistance is given by [17]: 

Rac =
ρlw

π(dδ − δ2)
Φ

n − 1
n , lw =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
nπDeff

)2
+ l2

√
(9)  

where lw is the effective wire length, and Φ is the proximity factor which 
can be interpolated from empirical Medhurst data table. Using (9), Rac 

for solenoids L3,4 at 5 MHz and 10 MHz is 1.47 Ω and 1.98 Ω, 
respectively. 

In [18], an approximation for parasitic capacitance of PCB coils is 
given as: 

Cp ≈ (xεrc + yεrs)ε0
tc

S
lg (10)  

where εrc and εrs are the relative dielectric constants of coating layer and 
substrate, respectively. lg is the length of gap between traces and it is 
approximately equal to: 

lg = 2π
∑n− 1

i=1

((

Dout

/2

)

− iW − (i − 0.5)S
)

(11) 

For the case of air and FR-4 PCB, we have (x, y) = (0.9, 0.1) and (εrc, 
εrs) = (1, 4.4) [18]. Using (10), the parasitic Cp of 0.889 pF is obtained 
for PCB coils L1,2. 

Medhurst formula gives a simple expression for the self-capacitance 
of solenoids in pF/cm as [19]: 

(

C/D

)

= 0.1126
(

l/D

)

+ 0.08+ 0.27

̅̅̅̅̅̅̅̅̅̅̅̅̅(

D/l

)√

(12) 

The calculated value for L3,4 is 0.57 pF/cm. It is worth mentioning 
that Medhurst formula overestimates the parasitic capacitance for the 
solenoids with small l/D. 

3. Simulation and measurement results of inductive link 

In this section, PCB coils and solenoids with reported geometries in 
Fig. 2 have been fabricated and the setup of Fig. 3 is employed to 
measure the link parameters. PCB coils are implemented on FR-4 PCB 
with substrate thickness (ts) of 1.6 mm, and magnet wire is used for 
solenoids. 

The load resistance RL is 50 Ω, Vs-pp = 11 V, and Rs = 55 Ω is the 
series combination of function generator 50 Ω resistance and a 5 Ω 
resistor. This 5 Ω resistor is required to measure the Iin. In order to 
establish the same conditions for simulations and measurements, the Rs 
resistance of 55 Ω is also considered in the simulations. Rohde & 
Schwarz HMO2022 and GW Instek AFG-2225 are employed as oscillo
scope and function generator, respectively. After measuring Iin-pp, Vin-pp, 
VRL-pp, and also the phase shift (φ-θ) between Vin and Iin, the relation (5) 
is utilized to extract the Pin, PDL, and PTE of inductive link. It is worth 
mentioning that Iin-pp, Vin-pp, and VRL-pp are the peak-to-peak values of 
Iin, Vin, and VRL, respectively. In addition to the link parameters, the 
Wayne Kerr 6550P high frequency LCR meter with the 1J1011 fixture 
connected to the front panel BNC sockets is employed for the mea
surement results of inductance and AC resistance in PCB coils and 
solenoids. 

It is worth mentioning that in simulations of this section, 2-dimen
tional (2-D) axisymmetric modelling in COMSOL Multiphysics has 
been used for PCB coils and solenoids. These modellings and the utilized 
meshing are illustrated in Fig. 4 and Fig. 5. For a proper estimation of the 
skin effect, a boundary layer mesh has been used for the boundaries in 
cross-section of the turns. With these modellings, the number of required 
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Fig. 2. Geometric parameters of (a) PCB coils L1,2, (b) solenoids L3,4.  
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meshes in finite element method is reduced, which significantly de
creases the extraction time of parameters. 

Fig. 6(a) and Fig. 6(b) show the measured, simulated, and calculated 
inductance and AC resistance in the range of 1 MHz to 30 MHz for PCB 
coils L1,2 and solenoids L3,4, respectively. There is a good agreement 
between the measurement results, 2-D modelling based simulation re
sults, and the calculation results from the previous relations. According 
to the measurement results, L1,2 at 5 MHz and 10 MHz is about 3.15 µH, 
and L3,4 at 5 MHz and 10 MHz is about 1.55 µH, and therefore rL = L1,2 / 
L3,4 ≈ 2. The simulated self-resonance frequency (fSRF) of PCB coils for 
εrs of 1 and 4.4, and solenoids for εri of 1, 2, and 4 are shown in Fig. 7(a) 
and Fig. 7(b), respectively. εrs and εri are the relative dielectric constant 
of substrate in PCB coils and insulator layer in solenoids, respectively. 
The zero-crossing point specifies fSRF. As εr increases, this point moves to 
lower frequencies, indicating a direct relation of εr with parasitic 
capacitances. 

Fig. 8(a) shows the simulated PDL of link as a function of coupling 
coefficient (k) and frequency. Also, the simulated PTE of link, which is 
defined as the ratio of delivered power to the load, to the power drawn 
from the AC input source (PDL/Pin in Fig. 3), is shown in Fig. 8(b) as a 

function of k and frequency. Proportionality of PTE with k is well known. 
Also, at resonance frequencies of 5 MHz and 10 MHz, the stored reactive 
power in system is minimized, and therefore, high efficiency is achieved. 
The simulated PDL at 5 MHz and 10 MHz for k = 0.31 (simulated k for 
separation of 6 mm between PCB coils L1,2) is 50.4 mW and 52.2 mW, 
respectively. The simulated PTE at 5 MHz and 10 MHz for k = 0.31 is 
68.7% and 87.8%, respectively. By applying the simulation conditions in 
relations (2)-(5), the same results are obtained for the PDL and PTE of 
link in calculations, and therefore, the simulation results and calculation 
results verify each other. 

Fig. 9 shows the measured and simulated results of PDL and PTE at 5 
MHz and 10 MHz for separation of 3 mm to 12 mm. At both frequencies, 
the PDL is an increasing function of separation to some extent, and then 
it is decreased. In other words, for a particular separation, the condition 
of maximum power transfer to the load is met. For the separation of 6 
mm, the measured PTE at 5 MHz and 10 MHz is 66.2% and 84.7%, 
respectively. Also, the measured PDL at 5 MHz and 10 MHz is 48.9 mW 
and 50.1 mW, respectively. 

For the separation of 5 mm, 6 mm, and 7 mm between PCB coils, the 
frequency is swept from 3.5 MHz to 15 MHz and the measured PDL and 
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Fig. 3. Measurement setup of link parameters in dual-resonance inductive link.  
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Fig. 5. Meshing and boundary layer of (a, b) rectangular cross-section domain of PCB coil, (c, d) circular cross-section domain of solenoid.  
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Fig. 6. Inductance and AC resistance of (a) PCB coils L1,2, (b) solenoids L3,4.  

Fig. 7. Simulated self-resonance frequency of (a) PCB coils L1,2, (b) solenoids L3,4.  

Fig. 8. Simulated (a) PDL, (b) PTE of the inductive link.  

Fig. 9. Inductive link measured and simulated (a) PDL at 5 MHz, (b) PDL at 10 MHz, (c) PTE at 5 MHz and 10 MHz.  
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PTE of the link is reported in Fig. 10. It is observed that the obtained PTE 
at resonance frequencies (5 MHz and 10 MHz) is higher than other 
frequencies. 

4. Biomedical power and data transmitter 

Fig. 11 shows the FSK-modulated power and data transmitter where 
a dual-resonance inductive link is used. It is well known that by reducing 
the frequency, heat loss of body tissue is also reduced. On the other 
hand, since in our transmitter, power and data are transmitted with the 
same carriers, reducing the frequency also reduces the data rate (DR). 
Therefore, carrier frequencies should be selected so that both the desired 
DR and low heat loss can be realized. In [20], it is claimed that if the 
frequency is set below 20 MHz, power loss of tissue can be disregarded. 
So, we choose the carrier frequencies to be lower than 20 MHz. The next 
important parameter is the data rate to carrier frequency (DRCF) ratio. 
The PA’s quality factor (Q) goes up as the carrier frequencies are 
increased. With a higher Q, voltages and currents in the inductive link 
network require more periods to reach a new level. As a result, a linear 
increase in DR will no longer occur with increasing frequency, and DRCF 
ratio will be reduced. Based on the iterative simulations, 5 MHz and 10 
MHz are selected as carrier frequencies of FSK modulation to achieve 2.5 
Mbps DR and 33.3% DRCF ratio. 

According to the conceptual waveforms in Fig. 11, a 10 MHz CLK is 
fed to a DFF based frequency divider to produce ½ CLK (5 MHz). To 
generate the FSK signal (VFSK), a 2:1 MUX selects one of 10 MHz and 5 
MHz CLKs for the pseudorandom data (Datain) of “0” and “1”, respec
tively [10]. Datain is a 25-1 pseudorandom bit stream with no more than 
five “0”s or “1”s in a row, which is generated by a 5-bit shift register with 
feedback. This feedback is created by XORing the outputs of 5th and 2nd 

stages and feeding that into the least significant bit. Also, in order to 
prevent any unwanted high frequency glitch at the gate of ME1, DFF7 is 
utilized to synchronize the generated pseudorandom data with clock 
signal. The produced FSK signal is then fed to gate driver 1 
(LM5114BMF) to generate the driving FSK waveform (VG1) required by 
the main switch of PA (ME1). A 60 V N-channel trench MOSFET 
2N7002NXAK is used as ME1 which its input capacitance is as low as 15 
pF, and reduces the power dissipation of gate driver. 

It is known that if the class-E PA meets zero voltage switching (ZVS) 
and zero voltage derivative switching (ZVDS) conditions, it can achieve 
high efficiency. In order to fulfill these conditions at both carrier fre
quencies of FSK modulation, two parallel capacitors Cp1 and Cp2 are 
used, which Cp2 is connected or disconnected by ME2 based on whether 
Datain is “1” or “0”, respectively. Therefore, the parallel capacitor of ME1 
is variable for Datain of “0” and “1”. On the other hand, the LC tank of 
link (L3, C3), that is in series with LC branch (L1, C1), has capacitive or 
inductive behavior depending on whether the carrier frequency is 10 
MHz or 5 MHz, respectively, which causes a variable series capacitance. 
So, by selecting appropriate values, the class-E PA can be tuned at both 
carrier frequencies of FSK modulation. For L1, it should be noted that as 
it increases, the reflected impedance from the secondary to primary side 
is increased, which increases the PTE. Of course, by increasing L1, Q of 
the link network will be also increased, resulting a lower DR. Therefore, 

a value must be chosen for L1 to have a balance between DR and PTE. 
Depending on the application, the implantable medical devices have 

a wide range of power requirement. The required power can be in the 
range of low (e.g. less than 1 mW for pacemakers [21]) to high (e.g. > 1 
W for ventricular assist device (VAD) [22]). Our target in this paper is 
the cochlear implant. Depending on the electrode count, architecture of 
stimulator, stimulation current of electrodes, etc., the required power of 
cochlear implants can be in the range of 20 mW to 50 mW and higher 
[23–25]. In this paper, it is assumed that the required PDL of the 
cochlear implant is equal to 50 mW (depending on the architecture of 
cochlear implant and its requirements, the PDL can have a higher or 
lower value). It also has been assumed that implant requires the supply 
voltage of 1.8 V. Besides, LDO regulators have a voltage drop of 100 mV 
to 200 mV, and the voltage conversion ratio of about 80% is achievable 
for the rectifier. Therefore, the amplitude of voltage across the load (VRL 
in Fig. 11) should be about 2.5 V. So, the required PDL can be modelled 
as RL of 62.5 Ω (62.5 = 2.52/(2 × 50 × 10-3)). 

At the receiver side, two resonance frequencies are produced by 
combination of LC tank (L4, C4) and LC branch (L2, C2), that results in 
high efficiency. The resonance frequencies are set to 5 MHz and 10 MHz. 
According to the conceptual waveforms in Fig. 11, for data demodula
tion, VRL is fed to a comparator that converts it to a digital FSK signal 
(VComp). Then, this signal is delivered to a delay-cell to generate its 
delayed version (VComp-D). For a correct data detection, the delay value 
must be in the range of (2fo2)-1 to (2fo1)-1, where fo1 and fo2 are 5 MHz 
and 10 MHz, respectively. The delay value is set to 75 ns, which is the 
average of allowable range, to make the data detection resistant against 
non-idealities. Finally, a DFF is used and VComp is sampled by VComp-D to 
detect Dataout. To recover CLKout, first, VComp-D is fed to a frequency 
divider to produce ½ VComp-D. Then, a 2:1 MUX is used to select one of 
VComp-D and ½ VComp-D according to Dataout [26]. 

Fig. 12 shows the CMOS TSMC 180-nm implementation of modulator 
and demodulator in transmitter, where the architecture is the same as 
the commercial off-the-shelf (COTS) modulator and demodulator in 
Fig. 11. The modulator and demodulator are implemented with 3.3 V 
and 1.8 V transistors, respectively. The rest of transmitter is assumed to 
be on PCB. During the transmission of pseudorandom bit stream with 
data rate of 2.5 Mbps, the simulated power dissipation of CMOS 
modulator and demodulator is only 0.49 mW and 0.41 mW, 
respectively. 

5. Measurement results of power and data transmitter 

In order to measure the performance of transmitter, it is imple
mented with commercial off-the-shelf (COTS) products, and the cross 
section of two measrement setups are shown in Fig. 13, where PCB coils 
are facing each other. In setup I (Fig. 13(a)), there is a 6 mm air gap as an 
intermediate interface between the coils. FR-4 substrate with thickness 
of 1.6 mm is a mechanical support for copper traces of the coils. 
Cochlear implants are sealed hermetically with biocompatible materials 
and surrounded by tissue. In [27], it is claimed that the mean thickness 
of scalp (skin, dermis, and epidermis layers) for men and women is 3.24 
mm and 2.35 mm, respectively. To emulate the scalp tissue as an 

Fig. 10. Inductive link measured (a) PDL, (b) PTE for 3.5 MHz to 15 MHz.  
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interface in setup II (Fig. 13(b)), a ribs portion of beef with thickness of 
4 mm is packaged in a polyethylene bag. Also, medical-grade silicone 
with 1 mm thickness is used as the biocompatible coating layers for PCB 
coils, which is necessary to insulate the implanted coil from tissue and 
fluids. 

It should be noted that εr of muscle is high (100 to 200 [28]), which 
increases the parasitic capacitance, and decreases the self-resonance 
frequency of PCB coils if it is in direct contact with coils. On the other 
hand, εr is much lower for silicone (about 3 [29]), which minimizes the 
tissue effect on coils. 

In both setups I and II, the transmitter is tuned for the separation of 6 

mm between the coils, and component values and geometric parameters 
are reported in Table 1 and Table 2. In most of cochlear implants like 
Nucleus 7, the outer diameter (Dout) of the coils is limited to about 30 
mm, which has been taken into account in this paper (Table 2). Fig. 14 
shows the steady state waveforms of drain and gate voltages of ME1 for 6 
mm separation between the coils. Fig. 14(a) and Fig. 14(b) are for setup I 
at 10 MHz and 5 MHz, respectively. Also, Fig. 14(c) and Fig. 14(d) are 
for setup II at 10 MHz and 5 MHz, respectively. These results show that 
the PA satisfies the tuned operation in all cases. 

The demodulated 2.5 Mbps data and the recovered clock in setup I 
are illustrated in Fig. 15. To measure the BER, separation of PCB coils is 
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Fig. 13. Measurement setups of power and data transmitter. (a) setup I: intermediate interface of air, (b) setup II: intermediate interface of beef ribs + silicone.  

F. Gozalpour and M. Yavari                                                                                                                                                                                                                  



AEUE - International Journal of Electronics and Communications 170 (2023) 154786

8

set to 6 mm in both setups I and II. Then, a 25-1 pseudorandom bit 
stream is transmitted with DR of 2.5 Mbps, and it is demodulated at the 
receiver side. Both of the transmitted and demodulated data are recor
ded to be compared in ADS software by berMC component. In both 
setups I and II, for 3.1 Mbits, the number of errors is zero, which means 
that the BER is less than 10− 5. 

In the next step, a 25-1 pseudorandom bit stream with DR of 2.5 Mbps 
is transmitted and the PDL and PTE are measured. The PDL is defined as 
follows: 

PDL =
1

NT

∫ NT

0

V2

RL
dt (13)  

where V is the received FSK waveform (VRL in Fig. 11), T is the period, 
and N is the number of periods. To have a reasonable average PDL, N 
must be kept as large as possible. The PTE is defined as follows: 

PTE =
PDL

VccIc + LossDrv.

=
PDL

PDL + LossPA + LossLink + LossMod. + LossDrv.

(14)  

where LossDrv. is the dissipated power in gate drivers (drivers 1 and 2 in 
Fig. 11), and VccIc is the sum of PDL, the dissipated powers in power 
amplifier (LossPA), inductive link (LossLink), and modulator (LossMod.). It 
is worth mentioning that the power supply of drivers 1 and 2 in Fig. 11 is 
equal to 5 V, and the modulator is supplied with the main source Vcc (3 
V) in Fig. 11. In biomedical implants, demodulator must be imple
mented on-chip, which makes it to have very low power dissipation and 
almost negligible effect on PTE. For this reason, the power dissipation of 
demodulator implemented with COTS products is not included in rela
tion (14). When a pseudorandom bit stream with 2.5 Mbps DR is 
transmitted, the measured PDL and PTE (based on relation (14)) in setup 
I are 57.4 mW and 48.4%, respectively. Also, the PDL and PTE in setup II 
are 48.2 mW and 38.8%, respectively. In these measurements, the sep
aration of PCB coils is kept as 6 mm. 

It is worth mentioning that the reported efficiencies in section 3 are 
only related to the inductive link (Fig. 3) and the factors limiting the 
efficiency are the coupling coefficient of PCB coils L1,2 as well as the AC 
resistance of the PCB coils and solenoids. However, in FSK-modulated 
power and data transmitter of Fig. 11, as shown in relation (14), the 
power dissipation of power amplifier, gate drivers 1 and 2 in Fig. 11, and 
the modulator are also taken into account. In Table 3, the measured 
power dissipation of different parts in transmitter is reported for a 
separation of 6 mm between the PCB coils in setup 1 and setup 2 during 
the transmission of pseudorandom bit stream with data rate of 2.5 Mbps. 
According to Table 3, the power dissipation of modulator implemented 
with COTS products is considerable. A CMOS on-chip implementation of 
modulator can make its power dissipation negligible (0.49 mW as re
ported in section 4), and thus, improves the PTE. However, the power 
dissipation of COTS modulator is taken into account in this paper. 

As in previous works, the power dissipation of demodulator imple
mented with COTS products is not included in this paper because in 
biomedical implants, the demodulator must be implemented on-chip 
with CMOS technologies, which makes it to have low power dissipa
tion (0.41 mW as reported in section 4) and negligible effect on PTE. 

In the next step, we have changed the separation of PCB coils and 
measured the PTE and PDL in both setups I and II (Fig. 16). During this 
measurement, data is transmitted with DR of 2.5 Mbps. For both setups, 
since PA is tuned for separation of 6 mm, maximum PTE occurs at this 
point. By changing the separation, reflected impedance from secondary 
to primary is changed, which makes the transmitter untune and reduces 

Table 1 
Component values of power and data transmitter in setups I and II.  

Comp. Value Comp. Value 

Setup I Setup II Setup I Setup II 

Interface: 
Air 

Interface: Beef 
Ribs + Silicone 

Interface: 
Air 

Interface: Beef 
Ribs + Silicone 

VCC 3 V 3 V C2 160 pF 160 pF 
RL 62.5 Ω 62.5 Ω C3 296 pF 315 pF 
LRFC 12 µH 12 µH C4 327 pF 327 pF 
CP1 32 pF 44 pF L1 5.2 µH 5.2 µH 
CP2 178 pF 193 pF L2 3.15 µH 3.15 µH 
C1 165 pF 172 pF L3,4 1.55 µH 1.55 µH  

Table 2 
Geometric parameters of PCB coils L1,2 and solenoids L3,4 in setups I and II.  

Parameter L1 L2 Parameter L3 L4 

Dout 29 mm 25.5 mm D 3.22 mm 3.22 mm 
Din 18.15 mm 11.1 mm d 0.2 mm 0.2 mm 
W 0.25 mm 0.3 mm p 0.22 mm 0.22 mm 
S 0.2 mm 0.3 mm l 9.46 mm 9.46 mm 
n 12 12 n 43 43  

V V

V

V V

V

V

V

Fig. 14. Measured drain and gate voltage of ME1. (a,b) setup I, (c,d) setup II.  

Fig. 15. Measured received FSK waveform, demodulated data and recovered clock at DR of 2.5 Mbps in setup I.  
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the PDL and PTE. In setup II, in order to be able to reduce the separation 
to 5 mm, thickness of silicone layer is reduced to 0.5 mm in both coils. 
For other separations, the silicone layer is kept as 1 mm. Also, thickness 
of beef ribs in all separations is 4 mm. It should be noted that the 
decrease in PTE of setup II compared to setup I is due to the reduction of 
coupling coefficient caused by 4 mm beef ribs between the coils. 

The summary of this work is reported in Table 4 to provide a com
parison with other state-of-the-art counterparts. The PTEs of our work 
are based on relation (14) and are measured during the transmission of 
pseudorandom bit stream with DR of 2.5 Mbps. For the reason already 
explained, the power dissipation of demodulators implemented with 
COTS products are excluded in PTEs of all entries in Table 4. It is worth 
mentioning that we have not implemented the rectifier. An efficient 
implementation of the rectifier requires its implementation in CMOS 
process. All of the reported PTEs in Table 4 are without considering the 
rectifier, and they are measured with an equivalent resistor connected to 
the secondary side of the inductive link. 

In [11], only the power dissipation of inductive link is considered in 
PTE and the real PTE is less than 24%. In fact, in [11], the delivered 
power to the input of inductive link is considered as the input power and 

the dissipated power in PA is not taken into account. This statement is 
also valid in [35]. In our implemented transmitter, since the secondary 
side of transmitter has two resonance frequencies, the PTE is consider
ably improved compared to [10] and [11]. 

In biomedical implants, tissue absorption increases with the carrier 
frequency. Therefore, data rate to carrier frequency (DRCF) ratio is an 
important parameter, and higher DRCF ratio means that the required DR 
can be achieved with lower carrier frequency. In terms of DRCF ratio, 
this work has superior performance in comparison with [30–33] and 
[35]. Although higher DRCF ratio has been achieved in [34,36], they 
have not implemented the demodulator and the data is not demodulated 
at the receiver side. So, no BER has been reported in [34,36]. As a matter 
of fact, there is a trade-off between efficiency and DR when the same 
inductive link is used for power and data transmission. Therefore, in 
order to make a quantitative comparison with state-of-the-art counter
parts, the following figure-of-merit (FoM) is used [36]: 

FoM1 = (DR/fc) × PTE (15)  

where DR/fc is the same as DRCF ratio. In terms of FoM1, this work has 
better performance compared to [10,11,31,32], and [35]. Recently, a 
new FoM has been proposed in [37] as: 

FoM2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
DR2/fc

)3
√

(16)  

where FoM2 is measured in (Mbps2/MHz)1/3. As a general rule, 
increasing fc may increase DR, while increasing fc makes it harder to 
obtain a high FoM2. So, DR2 is utilized instead of DR in (16). Cubic root 
reveals important variations in FoM2 among transmitters in Table 4. In 
terms of FoM2, this work has superior performance in comparison with 
[10] and [30–36]. 

Table 3 
Sources of power dissipation in transmitter for a separation of 6 mm between 
PCB coils in setup 1 and setup 2 (Data Rate = 2.5 Mbps).  

Sources of Power Dissipation Measured Power Dissipation (mW) 

Setup I 
(Interface: Air) 

Setup II (Interface: Beef 
Ribs + Silicone) 

Power Amplifier and Inductive 
Link (LossPA + LossLink)  

35.1  49.9 

Driver1 + Driver2 in Fig. 11 
(LossDrv.)  

7.4  7.4 

Modulator (LossMod.)  18.7  18.7  

Fig. 16. Measured PDL and PTE of transmitter for DR of 2.5 Mbps and different separations in setup I and setup II. (a) PDL, (b) PTE.  

Table 4 
Comparison with previous published works.  

Ref. Mod. Frequency DR DRCF Ratio Separation Physics BER PDL  PTE FoM1 FoM2 

[MHz] [Mbps] [mm] [mW] [%] 

TCAS-I’04 [11] FSK 5&10 2.5 0.333 5 Air 10− 5 ~ 5 < 24a,b < 8b 0.94 
SJ’18 [10] FSK 2&4 1 0.333 6 Air 10− 5 126 25 8.32 0.69 
TBE’12 [30] FSK 5 1.25 0.25 – Air – – – – 0.68 
TCAS-I’18 [31] ASK 10 1 0.1 6 Air 10− 5 – 52c 5.2 0.46 
TPE’21 [32] ASK 10 2 0.2 10 Air 10− 6 35 64.6 12.92 0.74 
TBCAS’22 [33] ASK 1&13.56d 1 0.074 – Air 1.3 × 10-3 – – – 0.42 
TCAS-I’15 [34] ASK 0.125 0.0625 0.5 – Air – – – – 0.31 
TCAS-I’20 [35] CWM 10 1.66 0.166 – Air – – < 40b,e < 6.64b 0.65 
TCAS-II’22 [36] SCM 1 0.5 0.5 – Air – 32.3 < 61f < 30.5f 0.63 
This Work FSK 5&10 2.5 0.333 6 Air 10-5 57.4 48.4 16.12 0.94 

Tissue 48.2 38.8 12.92 This Work FSK 5&10 2.5 0.333 6 10-5 0.94 

a. Taken from Fig. 11(c) of [11]. 24% is the average of inductive link efficiencies at 5 MHz and 10 MHz for coil separation of 5 mm. b. This PTE is without dissipations in 
PA and gate driver of PA, and is related to inductive link, only. So, the real PTE of [11] and [35] are less than 24% and 40%, respectively. c. Taken from Fig. 10(c) of 
[31] for coil separation of 6 mm. d. Separate links for power and data (1 MHz for power and 13.56 MHz for data). e. Taken from Fig. 8 of [35]. 40% is the maximum 
simulated efficiency of inductive link for n = 6 (1.66 Mbps is achieved with n = 6). f. PTE of 61% is without dissipation in gate driver of PA. So, the real PTE of [36] is 
less than 61%. 
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6. Conclusion 

In this paper, an efficient wideband inductive link with two reso
nance frequencies has been presented. Circular shaped PCB coils and 
solenoids with winding diameter of 3.22 mm and winding length of 9.46 
mm have been used as the main coils and compact inductances, 
respectively. These dimensions make the link suitable for applications 
with limited implant space. Using the dual-resonance link, an improved 
efficiency FSK-modulated class-E transmission link is proposed and its 
performance is measured in two different setups. In setup I, the inter
mediate interface of PCB coils is 6 mm air gap. In setup II, in order to 
mimic the condition of cochlear implants, a 4 mm beef ribs is used as the 
interface between the coils. Also, the medical-grade silicone with 
thickness of 1 mm is used as a coating layer for both of PCB coils. In both 
setups, a pseudorandom bit stream with DR of 2.5 Mbps is transmitted to 
measure the PDL, PTE, and BER of power and data transmitter. In setup 
I, the measured PDL and PTE are 57.4 mW and 48.4%, respectively. In 
setup II, the measured PDL and PTE are 48.2 mW and 38.8%, respec
tively. The existence of two resonance frequencies at the secondary side 
of the link increases the PTE, considerably. The measured BER in both 
setups is less than 10-5. 
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